ABSTRACT
INTRODUCTION
In response to environmental fluctuations, cells modulate diverse aspects of their physiology for maximal adaptation. In eukaryotes from yeast to humans, stress-activated protein kinases (SAPKs) play key roles in cellular responses to the environment. SAPKs belong to the mitogenactivated protein kinase (MAPK) family, and their prototype, Hog1, was first identified as a component of the signaling pathway that induces cellular response to high osmolarity stress in Saccharomyces cerevisiae (6) . In the fission yeast Schizosaccharomyces pombe, the Hog1 ortholog, Spc1 (also known as Sty1/Phh1), is responsive to multiple forms of environmental stress (23, 30, 50) . Osmostress, oxidative stress, UV, heat shock as well as nutritional limitation induce Spc1 activation and the spc1 null (∆spc1) mutant is hypersensitive to these stress conditions, indicating the essential roles of Spc1 SAPK in cellular resistance to the stresses (11, 12, 51, 56) . The same set of stresses also activate the mammalian SAPKs, p38 and JNK, which have been implicated in a variety of biological processes, including inflammation, cellular differentiation, apoptosis, cancer, and immune responses (25) . Because of the evolutionary conservation of SAPKs, genetic studies in yeast have been instrumental for discovery and characterization of the SAPK regulation and function (10, 37) .
Like other MAPKs, SAPKs are activated through simultaneous phosphorylation of the conserved threonine and tyrosine residues in the activation loop (61) . In S. pombe, Spc1 is phosphorylated and activated by Wis1 MAPKK (30, 50) . Wis1 is also activated through phosphorylation carried out by MAPKKKs, Wis4 and Win1 (42, 43, 49, 56) , and aspartate substitutions of the MAPKKK phosphorylation sites in Wis1 (wis1DD) mimic phosphorylation and constitutively activate Wis1 (55) . On the other hand, Spc1 is negatively regulated by dephosphorylation; tyrosine-phosphatases, Pyp1 and Pyp2 (12, 30, 50) , and serine/threoninephosphatases, PP2C (36, 52) , dephosphorylate and inactivate the SAPK. A recent study indicates that Spc1 is also regulated by a molecular chaperone, Cdc37 (59).
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One of the known outputs of Spc1 activation is to induce expression of genes required for cellular survival of stress conditions. Activated Spc1 translocates from the cytoplasm to the nucleus (15) and regulates gene expression through a ATF/CREB-family transcription factor, Atf1 (51, 62) . Recent DNA microarray experiments demonstrated that the Spc1-Atf1 pathway is required for the majority of the Core Environmental Stress Response (CESR) genes, ~140 genes that are induced under multiple stress conditions (9). The CESR genes comprise those involved in a variety of cellular processes, including carbohydrate and lipid metabolism, DNA repair, protein folding/degradation, antioxidants, and transcription, illustrating that the cellular stress response encompasses modulation of diverse cellular processes. In addition to Atf1, Spc1 SAPK also interacts and phosphorylates two protein kinases, Cmk2 and Srk1 (4, 44, 57) , although the contribution of these kinases to cellular stress resistance is less obvious.
Here we report a novel physiological role of Spc1 SAPK; Spc1 activity is essential for cellular resistance to Na (22) . In addition, through a yeast two-hybrid screen, we have isolated a novel protein kinase that physically interacts with Spc1. This kinase has been named Hal4, because of its high similarity to the budding yeast Sat4/Hal4 kinase, which is known to play a role in cellular salt tolerance (33) . Like ∆spc1, the S.
pombe ∆hal4 mutant shows hypersensitivity to Na + , Li + and Ca
2+
. The multi-copy suppressor screen of the ∆hal4 cation sensitivity has isolated the trk1 + potassium transporter gene, and potassium added to the growth medium complements the ∆hal4 phenotypes. These results suggest that Hal4 kinase promotes K + uptake, which increases the cellular resistance to other toxic cations. We propose that Spc1 SAPK and Hal4 kinase act cooperatively for cellular cation homeostasis.
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MATERIALS AND METHODS
Yeast strains and cultures.
S. pombe strains used in this study are listed in Table 1 . Growth media and basic techniques for S.
pombe have been described previously (2, 32) . For construction of the spc1KM strain, Lys-49 of the ATP-binding site in Spc1 was mutated to Met by the QuikChange XL site-directed mutagenesis kit (Stratagene) in the spc1 + DNA fragment, which was used to transform the spc1::ura4 + strain (CA1366). Ura -transformants were selected by 5-fluorootic acid (5FOA)-containing medium and replacement of the spc1::ura4 locus with spc1KM was confirmed by Southern hybridization. Expression of the Spc1KM protein was also confirmed by anti-Spc1 immunoblotting.
S. pombe cells were grown in yeast extract medium YES and synthetic minimal medium EMM2. NaCl, KCl, LiCl and CaCl 2 were added in YES medium as indicated. Salt tolerance was determined by drop test using saturated culture diluted to OD 600 1.0 and subsequent 10 folds serial dilutions. SD minimal medium used for growth test was previously described (48) .
Purification and detection of the Spc1HA6H protein
KS1376 (spc1:HA6H) cells growing at 30 o C in YES medium were stressed with 0.6 M or 0.1 M KCl and 0.1 M NaCl, and harvested along the time course by rapid filtration (54) . The Spc1-HA6H protein was purified under the denaturing condition and analyzed by immunoblotting with anti-phospho-p38 antibodies (54) .
Multicopy suppressor screens.
To isolate multicopy suppressors that complement the Li-sensitivity of the ∆spc1 mutant, strain KS1366 (∆spc1) was transformed with a S. pombe genomic library in the pAL-KS vector (58) and plated onto EMM2 agar plates supplemented with uracil, adenine and histidine. After incubation at 30°C for 4 days, transformants were replica-plated onto YES agar plates containing 6 4 mM LiCl. Colonies that showed plasmid-dependent resistance to LiCl were isolated and plasmids recovered from these colonies were analyzed by DNA sequencing. The multicopy suppressor screen with the ∆hal4 strain was performed similarly, except that a lower concentration of LiCl (2 mM) was used for selection.
Isolation of the hal4 + gene by yeast two-hybrid screens.
The spc1TA mutant gene, in which Thr-171 is substituted with Ala, was constructed by the QuikChange XL site-directed mutagenesis kit and used as bait in a yeast two-hybrid screen to isolate Spc1 interacting proteins from the S. pombe two-hybrid cDNA library in the pGADGH vector (18) . Yeast two-hybrid assay was carried out in S. cerevisiae HF7c strain (14) by His + selection and the β-galactosidase assay. From ~1 X 10 7 transformants screened, three different plasmids containing the hal4 + cDNA were isolated.
Plasmids construction.
Sequences of the PCR primers used in this study are available upon request. All PCR-amplified fragments were confirmed by DNA sequencing.
The hal4 + open reading frame (ORF) was amplified by PCR using S. pombe genomic DNA as template and cloned into the pREP1 (29) and pREP1-KZ vectors (53) . The QuikChange XL site-directed mutagenesis kit was used to introduce a point mutation into the hal4 + gene to construct the hal4KM allele. An internal deletion mutant of hal4, ∆(181-230), was constructed by a PCR-based mutagenesis method previously described (24 
Immunoprecipitation.
hal4:myc (CA1998), hal4:myc ∆spc1 (CA2021) and cmk2:myc (KS2012) cells, grown to midlog phase at 30°C in YES medium, were harvested before and after stress treatments by rapid filtration (54) . Cells were lysed in lysis buffer (50 mM HEPES pH7.4, 2 mM EDTA, 2 mM MgCl 2 , 10% glycerol, 1% NP-40, 1 mM PMSF, 50 mM NaF and 0.1 mM Na 3 VO 4 ). Anti-Spc1 rabbit polyclonal antibodies conjugated to protein A-Sepharose (Pharmacia Biotech) were used to precipitate Spc1 protein from the lysate, which was followed by immunoblotting with antiSpc1 and mouse monoclonal anti-myc antibodies (9E10, Boehringer Mannheim).
Gene disruption.
For hal4 gene disruption, the 0.5-kb genomic sequences immediately upstream and downstream of the hal4 + ORF were amplified by PCR with pairs of primers, sp27-f and sp27-fcT7 for the upstream sequence, and T3sp27-b and sp27-bc for the downstream sequence. Subsequently, these fragments were ligated to the 5' and 3' ends of the 1. 
RESULTS
Inactivation of the Spc1 MAPK cascade brings about hypersensitivity to toxic cations.
Mutants lacking functional Spc1 SAPK or Wis1 MAPKK are hypersensitive to high osmolarity stress, indicating the Spc1 cascade is essential for cellular responses to high osmolarity stress (30, 50, 52) . During further characterization of the osmostress response of S. pombe cells using various salts as osmolyte, we noticed that the spc1 null (∆spc1) mutant is hypersensitive to even low concentrations of NaCl. While wild-type cells grow in the presence of 0.5 M NaCl (data not shown; (22)), even 0.1 M NaCl in the growth medium caused an apparent growth defect in the ∆spc1 mutant (Fig. 1A) . The same concentration of KCl did not inhibit the growth of ∆spc1 cells, suggesting that the observed growth inhibition is due to Na + , rather than Cl -or osmolarity.
Because the ∆wis1 MAPKK mutant also exhibited very similar Na + -sensitivity (Fig. 1A) , the activity of Spc1 MAPK appears to be required for cellular resistance to Na Spc1 activity is essential for cellular survival of Na + stress, Na + is not an activating stimulus for the SAPK.
Survey of other metal ions demonstrated that the ∆spc1 mutant is also hypersensitive to Li + and Ca 2+ (Fig. 1A) . To further confirm that the Spc1 cascade has an active role in protecting cells from these cations, we examined the cation sensitivity of a strain expressing the mutant Wis1DD MAPKK. Wis1DD has aspartate substitutions at the MAPKKK phosphorylation sites and constitutively activate Spc1 SAPK (55) . As shown in Fig. 1D , the wis1DD allele conferred 10 higher resistance to the toxic cations. We also observed elevated cation resistance with a strain lacking the Pyp1 tyrosine phosphatase (data not shown), a negative regulator of Spc1 SAPK (30, 50) . These results strongly suggest that the Spc1 cascade positively regulates cellular resistance to the cations.
The Atf1 transcription factor contributes to cellular cation resistance.
To understand how Spc1 SAPK regulates cellular responses to the toxic cations, we next examined whether the known Spc1 substrates are required for the cation resistance. The Atf1 transcription factor is phosphorylated by Spc1 upon stress and regulates a number of stressresistance genes (51, 62 The shortest hal4 cDNA clone isolated in the two-hybrid screen lacked the sequence for the N-terminal 180 residues (181-636 in Fig. 3B ). We confirmed that the full length (1-636) Hal4 also interacts with Spc1 in the two-hybrid assay. Further truncation analyses of the hal4
sequence in the same assay demonstrated that residues 180-230 in the non-catalytic domain are critical for interaction with Spc1 (Fig. 3B ). This region does not share any apparent similarity with the previously reported MAPK-docking sequences (21, 47) .
Interaction between Spc1 SAPK and Hal4 kinase was also confirmed biochemically. We inserted the myc epitope sequence at the 3' end of the chromosomal hal4 + ORF, so that the Hal4-myc fusion protein is expressed from the hal4 locus. Unlike the ∆hal4 strain (see below), the resultant hal4:myc strain shows cation resistance comparable to that of hal4 + cells (data not shown), indicating that the Hal4-myc fusion protein is functional. Immunoprecipitation of Spc1 from the hal4:myc cell lysate co-purified Hal4-myc, while similar procedure using ∆spc1
hal4:myc cells resulted in little precipitation of Hal4-myc (Fig. 4) . Stress conditions that activate Spc1 SAPK, such as osmostress, did not affect the Hal4-Spc1 interaction. Although coprecipitation of Hal4 with Spc1 was not as efficient as another Spc1-interacting kinase, Cmk2, under the experimental conditions tested (Fig. 4) , these biochemical data corroborated the in vivo interaction between Hal4 and Spc1 SAPK.
Hal4 kinase does not appear to be a regulator of Spc1 activation. Quantification of Spc1 activation by in hal4 + and ∆hal4 strains showed comparable activation of Spc1 in response to the known Spc1-activating stresses (data not shown).
Hal4 protein kinase is required for cellular resistance to the toxic cations. , and these ∆hal4 phenotypes were even severer than those of the ∆spc1 mutant (Fig. 5A) . On the other hand, in contrast to ∆spc1, the ∆hal4 mutant is not sensitive to high osmolarity stress of 1 M KCl. These results indicate that Hal4 protein kinase plays an important role in cellular resistance to Na + , Li + and Ca
2+
. We noticed that the ∆spc1 ∆hal4 double mutant is more sensitive to those cations than the individual single mutants are ( 
14
Hal4 protein kinase is involved in cellular potassium homeostasis.
Aiming to obtain a clue for the physiological function of Hal4 kinase, we next performed a multicopy suppressor screen to isolate genes whose overexpression rescues the cation sensitivity of ∆hal4 cells (Materials and Methods). Screening of 6 x 10 4 genomic library transformants identified 76 plasmids containing hal4 + itself and one plasmid carrying the trk1 gene encoding a major potassium transporter (7, 27) . The isolated trk1 clone lacked the 3'-end of the ORF for the C-terminal 38 amino acid residues, but complemented the cation sensitive phenotypes of the ∆hal4 strain to the levels comparable to the complementation by the hal4 + plasmid (Fig. 6A) . In order to test the effect of the C-terminal 38-residue truncation, the full-length and the Cterminally truncated trk1 ORFs are amplified by PCR and cloned into an expression vector. As shown in Fig. 6B , expression of the full-length Trk1 only weakly complemented the hal4 phenotypes, comparing to the strong suppression by the Trk1 lacking its C-terminal 38 residues.
Trk1 has twelve membrane-spanning sequences with its N-and C-termini are predicted to be in the cytoplasm (7, 27) , and these results may suggest a role of the C-terminal cytoplasmic domain in the regulation of Trk1. On the other hand, the cation sensitivity of ∆spc1 cells was not significantly rescued by plasmids expressing the full-length (data not shown) or C-terminally truncated Trk1 (Fig. 6C) , implying that Hal4 and Spc1 contribute to the toxic cation resistance through a distinct mechanism.
The observation above suggests that the Hal4 function may be related to K + transport. . Based on genetic analyses, it was proposed that S. cerevisiae SAT4 positively regulates K + uptake through two major potassium transporters Trk1 and Trk2 (33) . Therefore, we further examined whether S. pombe Hal4 kinase is involved in cellular potassium uptake.
We found that the ∆hal4 mutant grows poorly in synthetic SD medium, which contains only 7 mM of K + (Fig. 7A ). This growth defect was significantly rescued by supplementing the growth medium with 0.2 M KCl, an observation consistent with the idea that Hal4 plays a role in K + uptake. In contrast, ∆spc1 cells exhibited no apparent growth defect in SD medium (data not shown), suggesting that Spc1 SAPK is not required for K + uptake. Furthermore, addition of K + to the growth medium was found to rescue the cation sensitive phenotypes of ∆hal4 cells. In the presence of 50 mM KCl, the resistance of the ∆hal4 mutant to the toxic cations was comparable to that of wild-type cells (Fig. 7B) . The ∆trk1 mutant is also hypersensitive to Na + (7) , while strains with increased Spc1 activity exhibits enhanced resistance to these cations. The crucial roles of SAPK in cellular responses to osmostress, oxidative stress and heat shock have been well studied; however, as far as we are aware of, this is the first to clearly demonstrate the requirement of SAPK for cellular salinity resistance.
One of the major functions of Spc1 SAPK is to induce expression of stress resistance genes through the Atf1 transcription factor (51, 62 without C-terminal 38 residues, but not the full-length protein, can complement the hal4 defects.
An intriguing possibility is that this cytoplasmic tail of the Trk1 transporter may be a negative regulatory domain and that the Hal4 function may be to relieve this negative regulation of Trk1.
On the other hand, we found that the ∆hal4 ∆trk1 double mutant is lethal, while the ∆trk1 ∆trk2 SAPK. In bacteria, K + uptake is part of the cellular response to high osmolarity stress (26, 60) .
Thus, it is conceivable that, in addition to transcriptional regulation, Spc1 SAPK may modulate cellular cation homeostasis through interaction with Hal4 kinase under environmental stresses.
In this study, we have identified a novel physiological role of Spc1 SAPK in cellular resistance to the toxic cations. Spc1 regulates expression of a Na The ∆spc1 cation sensitivities were also partially complemented by addition of KCl. 
